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High refractive index polyvinylsulﬁde materials
prepared by selective radical mono-addition
thiol–yne chemistry†
Robert Po¨tzsch,ab Brian C. Stahl,c Hartmut Komber,a Craig J. Hawkerc
and Brigitte I. Voit*ab
We report on a new framework for preparing high-refractive index polymeric materials which combines the
selective thiol radical mono-addition to phenyl-acetylene derivatives with hyperbranched architectures.
Using this strategy we have synthesized a series of linear and hyperbranched polyvinyl sulﬁde (PVS)
materials, employing diﬀerent dithiol (A2 and A02) and di- and trialkyne (B2 and B3) monomers. The
process requires only a simple radical initiator, such as AIBN, in lieu of expensive or toxic catalysts and
this chemistry produces polymers in high yield (up to 96%) and high molecular weight (up to 123 000 g
mol1). The polymers are optically transparent, thermally stable (up to 420 C) and readily form high-
quality ﬁlms. The end group composition of the hyperbranched materials can be easily adjusted by
changing the A2/B3 feed ratio. The sulfur incorporation and conjugation resulting from thiol–yne
coupling with selective mono-addition results in materials with high refractive indices in the visible and
IR region (nD ¼ 1.68–1.75) and optical dispersions as low as 0.004. Moreover, we demonstrate that the
hyperbranched architecture produces materials with better performance in terms of light reﬂection and
chromatic dispersion compared to linear structures.
Introduction
High-refractive index materials play an important role in many
advanced optical and optoelectronic technologies, including
antireective coatings,1 waveguides and light-emitting diodes.2
Inorganic materials have historically been used as high-refrac-
tive index optical components (e.g. MgF2 anti-reective coat-
ings), however with the advent of advanced optics and
optoelectronics a need for high-refractive index polymers
(HRIPs) has arisen for applications such as polymer wave-
guides,3 organic lasers,4 and encapsulants for traditional2 and
organic light-emitting diodes.5 Two leading strategies have
emerged to develop HRIPs – lling a polymer matrix with high-
refractive index inorganic nanoparticles, and altering the
chemical structure of the polymer to increase its intrinsic
refractive index. Nanoparticle-lled polymer composites have
shown promise but suﬀer from poor storage stability, process-
ing challenges and high optical losses. An eﬀective strategy
for increasing the intrinsic refractive index of polymers is to
increase the incorporation of high-molar refraction groups,
such as sulfur atoms and aromatic structures.6 As a result,
sulfur-containing polymers have received signicant, recent
attention and are a technologically important class of polymers,
nding applications in rubber technologies,7 biomedicine,8 and
organic electronics.9 One particular class of sulfur-containing
polymers, polyvinylsuldes (PVSs), shows remarkable potential
for optical applications due to its high concentration of sulfur
and C]C bonds; however, this material has received relatively
little attention until recently in part because the preparation of
PVS-based materials is not straightforward. The Tang group
recently presented an approach yielding PVSs with up to 100% E
conguration.10 Although this approach allowed access to PVS
polymers with a high degree of structural control, the synthesis
required expensive rhodium catalysts making this method less
attractive for industrial applications. In subsequent studies, the
same group also developed an organic base-mediated poly-
merization method yielding PVSs with good stereoselectivity
and high refractive indices, although this chemistry seemed to
be restricted to monomers with a strong electron-withdrawing
carboxyl group adjacent to the alkyne moiety.11 A more conve-
nient route towards PVS consists of the radical-mediated addi-
tion of a thiol and an alkyne. This type of reaction, also known
as a “Thiol–Yne” (TY) reaction, is oen thought to result in
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predominant formation of bis-adducts formed by the addition
of a second thiol onto the formed vinyl sulde.12,13 In this vein,
radical-initiated polyaddition of dialkynes and dithiols to
prepare PVS polymers was investigated by the groups of
Nuyken14,15 and Kobayashi;16,17 however bis-adduct formation
was again shown to occur. To preferentially form the desired
monoaddition product, the group of Hudson made the inter-
esting observation that selective formation of vinyl suldes
occurs upon thiol addition to phenylacetylene (PA)-based small
molecules.18 This feature could not only be useful in new
material synthesis but also unlocks potential for application in
orthogonal “click” functionalization.19 With this regard, we
have recently reevaluated the thiol–yne reaction (TYR) with a
focus on PA-based substrates and demonstrated the prepara-
tion of a hyperbranched polymer.20 The development of hyper-
branched structures has shown tremendous progress over the
last two decades and these materials oen constitute with their
improved properties suitable alternatives among modern elec-
tro-optical and biological applications.21–26 In this paper, we
present a new framework for the preparation of intrinsic HRIPs
using simple radical chemistry to synthesize linear and hyper-
branched (hb) PVSs using A2 + B2 and A2 + B3 approaches
starting from commercially available dithiols (A2 and A
0
2) and
di- or trialkyne (B2 and B3) monomers.
Results and discussion
Monomer and polymer synthesis
We have recently demonstrated that a thiol can be added
selectively to the diphenylacetylene group, forming a vinyl
sulde and avoiding thiol bis-addition, if an equimolar ratio of
thiol to alkyne groups is used.20 The alkyne-bearing monomers
1,3,5-tris(phenylethynyl)benzene (B3) and 1,4-bis(phenyle-
thynyl)benzene (B2) (Scheme 1) were synthesized according to
the literature by Sonogashira coupling of the brominated
precursors and phenylacetylene.27 Hexanedithiol (A2) and
benzene-1,4-dithiol (A02) were purchased from Sigma Aldrich
and used as received. The alkyne groups within the
phenylacetylene monomers used in this approach can therefore
be treated as mono-functional groups, in contrast to other
examples from the literature involving bis-addition TYR for
polymer preparation.28–32 The mechanism of TYR with 1,2-
diphenyl-substituted alkynes is depicted in Scheme 2. The thiyl
radicals formed upon thermal initiation by AIBN quickly add to
the alkyne group (le circle). The intermediate vinyl sulde
radical then forms the vinyl sulde (with an E/Z ratio of
approximately 2 : 3) upon H-abstraction from a thiol. As we have
shown, the second addition of a thiyl radical resulting from
H-abstraction in the corresponding 1,2-disulde (right circle) is
possible, however this reaction is sterically and electronically
hampered and only occurs if the reaction is carried out with a
large excess of thiol and allowed to proceed for long reaction
times.20
In the investigation of polymer synthesis, hexanedithiol was
used as the thiol-containing A2 monomer and mixed with
Scheme 1 Synthesis of linear and hyperbranched PVS materials prepared from A2 + B2 and A2 + B3 monomers, respectively.
Scheme 2 Basic mechanism of the thiol–yne reaction on
diphenylacetylene.
2912 | Polym. Chem., 2014, 5, 2911–2921 This journal is © The Royal Society of Chemistry 2014
Polymer Chemistry Paper
Pu
bl
ish
ed
 o
n 
18
 F
eb
ru
ar
y 
20
14
. D
ow
nl
oa
de
d 
by
 S
LU
B 
D
RE
SD
EN
 o
n 
11
/4
/2
01
9 
12
:4
2:
28
 P
M
. 
View Article Online
alkyne-substituted B2 or B3 monomers to prepare linear or
hyperbranched PVSs, respectively (Scheme 1). An alternative
thiol-containing monomer, benzene-1,4-dithiol (A02), was
employed since its addition to di-substituted alkynes proceeds
in a similar eﬃcient and selective manner as shown for
aliphatic thiols (Scheme 3), while the aromatic structure of this
monomer would produce a polymer with a higher aromatic
content and hence a higher refractive index.20 In all experi-
ments, toluene was used as the solvent and the reactions were
thermally initiated by 2,20-azobis(2-methylpropionitrile) (AIBN).
For most cases, the reactants were diluted with toluene to a
concentration of one molar with respect to the alkyne groups,
and 5 mol% AIBN was added per alkyne group. The reaction
time varied between 2 and 20 hours, and all reactions were
performed at 90 C. The results of the polymerizations with
hyperbranched (B3) and linear (B2) monomers are summarized
in Tables 1 and 2, respectively. The polymers were usually
obtained in yields around 80–90%. In the case of hb-PVS,
diﬀerent thiol-to-alkyne functionality ratios were used in the
feed ratio which largely aﬀected the polymers' molecular weight
and functional group composition. Signicantly, all the
polymers obtained were easily soluble in common organic
solvents such as chloroform, toluene or THF.
A modular gel permeation chromatography (GPC) system
equipped with both a multi angle light scattering (MALS)
detector and a refractive index (RI) detector was employed for
molecular weight and dispersity Mw/Mn (Đ) determination.
Especially in the case of hyperbranched polymers, light scat-
tering (LS) detectors usually provide a more reliable estimation
of the weight–average molecular weight (Mw) compared to RI
detectors with PS calibration due to the signicant diﬀerence in
hydrodynamic radii between linear and hyperbranched poly-
mers of the same molecular weight. However, we had the
experience that dispersity analyzed from RI detection is more
realistic than that from the LS detectors. Accordingly, the Đ
values presented in this work were obtained from the RI
detector and are reported together with the respective RI Mw
data. As expected, in the case of hb polymers, Mw values by LS
are systematically signicantly higher than those by RI detec-
tion whereas for linear polymers both values agree reasonably
well. The hb-PVS materials displayed a trend towards higher
Mw and increasing Đ when the thiol-to-alkyne (T/A) ratio was
Scheme 3 Synthesis of linear and hyperbranched fully aromatic polyvinylsulﬁdes prepared from A02 and B2 or B3, respectively.
Table 1 Reaction conditions and polymer characteristics of hyperbranched PVS hb-P1–hb-P10
Entry A2/B3 ratio T/A ratio Reaction time [c]alkyne Yield Mw
b [g mol1] (RI) Đb Mw
c [g mol1] (MALS)
hb-P1 1 : 1 2 : 3 2 h 1 M 57% 4700 2.5 6000
hb-P2 1 : 1 2 : 3 6 h 1 M 83% 3700 2.3 6800
hb-P3 1 : 1d 2 : 3 20 h 1 M 90% 3900 3.9 8400
hb-P4 5 : 4d 5 : 6 2 h 1 M 85% 10 300 5.7 22 300
hb-P5 3 : 2 1 : 1 2 h 1 M 78% 15 700 4.3 41 600
hb-P6 3 : 2 1 : 1 6 h 1 M 90% 15 900 4.6 43 400
hb-P7 3 : 2d 1 : 1 20 h 1 M 96% 41 600 17.3 123 300
hb-P8 2 : 1 4 : 3 2 h 1 M 76% 26 500 12.0 113 000
hb-P9a 1 : 1 2 : 3 2 h 0.5 M 80% 3600 2.1 4200
hb-P10a 3 : 2 1 : 1 2 h 0.5 M 74% 17 400 5.2 66 000
a Prepared from A02.
b Determined by GPC with a RI detector and PS calibration. c Determined by GPC with a MALS detector. d Experimental A2/B3
ratios determined by 1H NMR spectroscopy: 1.11 for hb-P3, 1.34 for hb-P4 and 1.6 for hb-P7, respectively.
This journal is © The Royal Society of Chemistry 2014 Polym. Chem., 2014, 5, 2911–2921 | 2913
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increased towards unity, each reaching their highest respective
values for an equimolar T/A ratio with Mw ¼ 123 000 g mol
1
and Đ ¼ 17.3 (hb-P7, Table 1). The reaction time appears to
inuence the molecular weight only when thiol and alkyne
groups are present in an equimolar ratio, i.e. hb-P7 shows a
signicant increase in molecular weight whereas hb-P3 does
not. Despite the long reaction time, no evidence for gelation was
found in hb-P7. In all the other cases, the nal Mw seems to be
limited by the T/A feed ratio and the Mw reaches a plateau
within the rst two hours. In contrast to molecular weight, the
isolated reaction yields do appear to increase with reaction time
as shown in Table 1. The GPC traces, recorded separately by
MALS and RI detectors, of hb-P3, hb-P4 and hb-P7 are shown in
Fig. 1 and indicate a shi towards higher Mw values upon
increasing the T/A feed ratio. The broadening of the peaks
obtained from the RI detector also indicates increasing Đ as
expected for systems approaching gelation. For the linear PVS
polymers (lin-P1, lin-P2 and lin-P3) the molecular weight did
not exceed 7000 g mol1 corresponding to a degree of poly-
merization (DP) of 30 with extended reaction times showing
little inuence on the molecular weight. The hb-PVS polymers
prepared with the alternative A02 monomer displayed similar
trends in Mw and Đ (Table 1). Two hyperbranched samples hb-
P9 and hb-P10 were prepared using T/A ratios of 2 : 3 and 1 : 1,
respectively. An equimolar T/A feed ratio dramatically increased
the Mw from 4200 to 66 000 g mol
1 aer two hours of reaction
time; Đ also increased from 2.1 to 5.2.
Structural characterization
The 1H and 13C NMR spectra of linear and hb-PVS polymers are
quite complex due to the diﬀerent structural and regiochemical
isomers formed by the attack of the thiyl radical on the
respective C-atom of the triple bond coupled with the resulting
E/Z isomers for both products. This is illustrated in Scheme 4.
In particular for the central 1,4- and 1,3,5-substituted benzene
rings a multitude of diﬀerent isomers must be considered. As a
result, a large number of NMR signals with similar chemical
shis results in minimal diﬀerentiation of the overlapping 1H
and 13C NMR signals.
Therefore to further understand the course of these addition
reactions, model experiments were carried out by reacting the
B3 monomer with either 1 or 3 equivalents of monofunctional
hexanethiol. Despite the simple structure of the reactants, the
1H and 13C NMR spectra of these products exhibit a large variety
of signals due to the large number of aforementioned isomers,
clearly illustrating the need for model studies (Fig. S1 and S2†).
The model compound b3 is of particular interest since its
13C
NMR spectrum (Fig. S2†) exhibits no signals in the chemical
shi range between 85 and 95 ppm indicating that all three
phenylethynyl groups have undergone reaction and demon-
strates that steric hindrance in the formation of dendritic units
Table 2 Reaction conditions and polymer characteristics of linear PVS lin-P1–lin-P4
Entry Reaction time [c]alkyne Yield Mw
b [g mol1] (RI) Đb Mw
c [g mol1] (MALS)
lin-P1 5 h 0.5 M 74% 6600 2.5 6000
lin-P2 6 h 1 M 77% 7600 2.0 7000
lin-P3 20 h 1 M 80% 3200 2.7 5500
lin-P4a 2 h 1 M 69% 2200 1.7 4200
a Prepared from A02.
b Determined by GPC with a RI detector and PS calibration. c Determined by GPC with a MALS detector.
Fig. 1 GPC traces of hb-PVS using diﬀerent A2/B3 feed ratios. (a) MALS detector signal and (b) RI detector signal.
Scheme 4 Schematic representation of the thiyl attack on the alkyne
group of the B2 or B3 monomer leading to four diﬀerent isomers for
the resulting vinyl sulﬁde derivatives.
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from B3 monomers should be insignicant and that hyper-
branched-PVS polymers with a high degree of branching (DB)
can be obtained. Fig. 2 depicts the 1H NMR spectra of hb-P3,
hb-P4 and hb-P7 in CD2Cl2 showing the eﬀect of diﬀerent T/A
feed ratios including 2 : 3, 5 : 6 and 1 : 1. All three spectra are
characterized by signals in regions related to aromatic and
vinylic protons (6.3–8.3 ppm), the protons of the methylene
groups adjacent to the sulfur atom (SCH2) (1.9–2.7 ppm) and the
protons of the four remaining methylene groups originating
from the A2 monomer segment (0.8–1.7 ppm). While the spec-
tral changes are small, the signal intensity from the aliphatic
methylene protons increases relative to the aromatic and
olenic protons with the increasing T/A feed ratio, conrming a
higher incorporation of A2 repeat units in the structure.
Moreover, the absence of any signals in the range of 3.7 to 4.4
ppm indicates that the A2 and B3 monomers undergo nearly
exclusive monoaddition to give the desired vinyl sulde units
and that bis-addition did not occur, as the signal from the
methine groups on the 1,2-dithioether linkage resulting from
bis-addition is expected in this region.20 Bis-addition only
occurs when the T/A feed ratio is increased above 1 : 1, as in the
case of hb-P8, as evidenced by a broad signal between 3.7 and
4.4 ppm (Fig. S3†). Additional structural information was
obtained from quantitative 13C NMR spectra of hb-P3, hb-P4
and hb-P7, shown in Fig. 3. Three distinctive broad signal
regions are typically found in the spectra and originate from the
aliphatic CH2 carbons (24.5–39.5 ppm), ethynyl carbons (87.5–
92.0 ppm) and aromatic and olenic C and CH carbons (122.5–
142.5 ppm). The intensity of the signals in the region for the
ethynyl carbons originating from linear b2B units and terminal
bB2 units decreases with the increasing T/A ratio (0.6 and 0.25
equivalents of ethynyl groups per A2 monomer for hb-P3 and
hb-P4, respectively) and the signals are absent in the spectrum
of hb-P7. The same holds true for the signal of the aromatic
carbons adjacent to the ethynyl group between 122.5 and 125
ppm and the signal of the aromatic CH carbons ortho to the
adjacent phenyl ring (131.9 ppm). Signals originating from thiol
end groups appear at 24.7 ppm (HS–CH2–) and at 34.1 ppm (HS–
CH2–CH2–) in the spectra of hb-P4 and hb-P7. Minor traces of
disulde linkages due to thiyl homo-coupling (less than one
percent with respect to the overall SCH2 intensity) were detected
by the signal of their adjacent CH2 groups at 39.1 ppm as
demonstrated with model compounds (Fig. S4†). The complete
absence of ethynyl groups present in linear and terminal B3
units, together with the minor content of thiol end groups for
the polymers obtained using a 1 : 1 T/A ratio, suggests that the
degree of branching is relatively high. However, the overlapping
signals make diﬀerentiating the linear, dendritic and terminal
units impossible and preclude direct calculation of the degree
of branching. In the case of hb-P8, in addition to the broad
signal of the CH carbons of the 1,2-dithioether linkage at 54.0–
57.5 ppm resulting from bis-addition, a large concentration of
thiol end groups (signals at 24.7 and 34.1 ppm) is found sug-
gesting a macromolecule with unreacted thiol functional
groups (Fig. S3†).
In contrast to the 1H and 13C NMR spectra of hb-PVS poly-
mers, spectra of the linear polymer analogues, e.g. lin-P3, show
increased resolution (Fig. 4) due to a decreased number of
possible isomeric structures with the 1H NMR spectrum of lin-
P3 again displaying three distinct broad signal regions (c.f.
hyperbranched analogues). The absence of signals in the range
of 3.7 to 4.4 ppm indicating bis-addition demonstrates that, like
the hyperbranched materials, the A2 and B2 monomers are
exclusively linked together through vinyl sulde linkages.
Similarly, the 13C NMR signal assignments of the lin-PVS
Fig. 2 1H NMR spectra of hb-P3 (a), hb-P4 (b) and hb-P7 (c) (solvent:
CD2Cl2; magniﬁcations refer to the region of 3.5–4.5 ppm).
Fig. 3
13C NMR spectra of hb-P3 (a), hb-P4 (b) and hb-P7 (c) (solvent:
CD2Cl2).
This journal is © The Royal Society of Chemistry 2014 Polym. Chem., 2014, 5, 2911–2921 | 2915
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materials correspond to those of the hb-PVS with both thiol and
alkyne end groups being observed in a ca. 1 : 1 ratio. The E/Z
ratio is in good agreement with the results of the model reaction
reported previously.20 Assuming a statistical distribution of the
end groups over all polymer chains, aMn of about 2400 g mol
1
and a DP  11 can be calculated by end group analysis from the
13C NMR spectrum (ethynyl group and HS–CH2–), which is in
good agreement with the Mn value reported by GPC.
The 1H and 13C NMR spectra of the fully aromatic PVS
materials prepared with the aromatic thiol monomer benzene-
1,4-dithiol (hb-P9, hb-P10 and lin-P4) show even more
pronounced signal broadening when compared to the materials
prepared with linear hexanedithiol. The 1H NMR spectra of hb-
P9 and hb-P10 exhibit only one broad signal from the aromatic
and olenic protons in the range of 6.3 to 8.0 ppm (Fig. S5 and
S6†) and only in the case of lin-P4 the signal from thiol end
groups at 3.4 ppm can be detected (Fig. S7†). In addition to
the signals from aromatic and olenic C and CH carbons in
the range of 120–142 ppm, the 13C NMR spectra of hb-P9 (T/A
ratio¼ 2 : 3) show a broad set of signals around 90 ppm from the
phenylethynyl end groups which is expected based on the excess
of the alkyne-bearing monomer in the feed ratio (Fig. S5†).
Further proof of the proposed structure was provided by infrared
(IR) spectroscopy; the IR spectra of lin-P3, hb-P3 and hb-P7 are
shown in Fig. 5. All three spectra exhibit C–H bands of the
aliphatic segments at 2850 and 2924 cm1 and of the aromatic
segments around 3030 cm1. The spectra are also characterized
by strong vibration peaks at 690 and 753 cm1 originating from
the aromatic ring C–Hbending, whereas the band at 728 cm1 in
the hyperbranched sample is due to the substitution pattern
of the central benzene ring in the B2 and B3 monomers and
diﬀerentiates the linear and hyperbranched materials.
The IR spectra of the PVS polymers lin-P4, hb-P9 and hb-P10
based on the alternative phenyl-based A02 monomer are shown
in Fig. S8.† These spectra exhibit the typical bands for aromatic
compounds around 3030 cm1 (C–H stretching) as well as 690
and 752 cm1 (C–H bending), while the typical bands for
aliphatic segments around 2900 cm1 are absent due to the
replacement of the aliphatic A2 monomer by the aromatic A
0
2. A
new band unique to materials prepared with A02 is observed at
811 cm1 which originates from the aromatic ring in this
monomer. As before, the band at 728 cm1 (not present in lin-
P4) is characteristic of the substitution pattern of the central
benzene ring in the B3 monomer and can be used to diﬀeren-
tiate between the linear and hyperbranched materials. The PVS
polymers were also investigated by UV-vis spectroscopy
(Fig. S9†). Apart from lin-P4 which absorbs light in the visible
region below 430 nm, all the other materials do not show any
absorption above 400 nm. Both linear polymers show clear
bathochromic shis in their absorption maxima of 26 nm for
the aromatic–aliphatic lin-P3 and 57 nm for the fully aromatic
lin-P4, respectively, indicating that the structure of these
materials are more strongly conjugated than the hyperbranched
materials. The bathochromic absorption shi exhibited by hb-
P8 compared to other hyperbranched samples incorporating
the same monomers is explained by the presence of 1,2-
dithioether linkages from the excess of A2 monomer used in the
reaction. Importantly, the minimal optical absorbance observed
for these materials enables them to be used in advanced
photonic applications.
Thermal properties
The thermal properties of the PVSmaterials were determined by
TGA and DSC and are summarized in Table 3. All materials
investigated displayed good thermal stability as shown by the
decomposition curves obtained by thermogravimetric analysis
(TGA) in a nitrogen atmosphere (Fig. S10†). The decomposition
temperature corresponding to a 5% mass loss (Td5%), generally
occurring between 320 and 350 C, was unaﬀected by the
molecular weight of the polymers as evidenced by the compar-
ison of hb-P5 (41 600 g mol1) and hb-P7 (123 300 g mol1).
However, substantial diﬀerences are apparent in samples
prepared with diﬀerent monomer feed ratios; materials
prepared with an excess of alkyne end groups (e.g. hb-P2)
Fig. 5 IR spectra of (a) lin-P3, (b) hb-P3 and (c) hb-P7.
Fig. 4
1H (top) and 13C NMR spectra (bottom) of lin-P3 (solvent:
CD2Cl2).
2916 | Polym. Chem., 2014, 5, 2911–2921 This journal is © The Royal Society of Chemistry 2014
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displayed decomposition temperatures up to 40 C higher than
the sample prepared with an excess of thiol end groups (hb-P8).
This phenomenon could be explained by secondary, thermal
crosslinking of the residual alkyne units. In this context, the
PVS materials with fully aromatic structures (hb-P9 and hb-P10)
show an increased thermal stability with Td5% values of 400
C
and higher. The mass of the material remaining at 800 C, also
known as the char yield, of the aliphatic–aromatic materials is
between 10% and 44% and is highest for materials having
the lowest aliphatic chain incorporation (hb-P2), which is to be
expected considering that aliphatic compounds undergo
thermal decomposition more readily than aromatic com-
pounds. Accordingly, the fully aromatic materials hb-P9 and
hb-P10 had substantially higher char yields (68% and 60%,
respectively) than other materials. Their high char yield also
makes these fully aromatic materials interesting as precursors
to carbonaceous porous materials.33,34 Diﬀerential scanning
calorimetry (DSC) analysis, shown in Fig. S11,†, revealed
substantial diﬀerences in the thermal properties of the
compounds. The aliphatic–aromatic hb-PVS materials generally
exhibited glass transition temperatures (Tg) around 70
C with
the exception of hb-P8 which, due to its higher incorporation of
aliphatic hexanedithiol segments, exhibited a Tg of 43
C while
the fully aromatic polymers hb-P9 and hb-P10 had signicantly
higher Tg values (149
C and 190 C, respectively). The aliphatic–
aromatic linear materials lin-P1 and lin-P3 exhibited Tgs around
30 C whereas the fully aromatic linear material lin-P4 exhibited
a Tg of 102
C.
Thin lm preparation and optical properties
As previously mentioned, incorporating sulfur and conjugated
or aromatic groups generally increases the refractive index (RI)
of polymeric materials as these structural components possess
a high molar refraction and a high refractive index (among
other characteristics).6 To demonstrate their potential for
optical applications, we investigated the UV-vis absorption and
RI of the linear and hyperbranched PVS materials. As
mentioned previously, all the materials reported herein, with
the exception of lin-P4, show no absorption at wavelengths
longer than 400 nm (Fig. S9†), making them well-suited to
optical applications. To study the RI over a wide wavelength
range, thin lms of PVS materials of 60–80 nm thickness were
prepared by spin-coating onto clean Si wafers and investigated
by variable-angle spectroscopic ellipsometry. All the polymers
formed high-quality thin lms with smooth surfaces (cf.
Fig. S12†) and surface roughness values (Ra) around 0.2 nm. The
RI vs. wavelength curves obtained from ellipsometry are pre-
sented in Fig. 6 and show high RI values ranging from n¼ 1.6 at
longer wavelengths increasing to slightly above n ¼ 2.0 around
400 nm. These materials display RI values signicantly higher
than commercially important polymers such as poly(methyl
methacrylate) (nD ¼ 1.49) and poly(ethylene terephthalate)
(nD ¼ 1.59), where nD is the refractive index at the Fraunhofer D
line.35 RI values at the Fraunhofer D, F and C spectral lines
(589.3, 486.1 and 656.3 nm, respectively) and at specic infrared
wavelengths relevant to applications such as lasers and tele-
communication (1064, 1319 and 1550 nm) are summarized in
Table 4. The aliphatic–aromatic hyperbranched polymers hb-P1
and hb-P6 exhibit RI values as high as 1.67 at 1064 nm and 1.74
at 486.1 nm, while the highest RI values over a wide wavelength
range are obtained for the fully aromatic material hb-P10 with
1.72 at 1064 nm and 1.81 at 486.1 nm. This increase in RI can be
explained by the replacement of aliphatic structural compo-
nents with aromatic components (i.e. replacing the A2monomer
with A02), which are known to exhibit a higher molar refraction.
6
The RI of the linear polymers lin-P1 and lin-P4 is slightly lower
than their hyperbranched analogues in the visible-IR wave-
length range, however these linear materials display a sharp
increase in the RI at short wavelengths; this phenomenon could
be attributed to the absorption these materials display at
wavelengths around 400 nm. The basic diﬀerence in RI between
the linear and hyperbranched materials observed in the IR and
visible regions could be explained by diﬀerences in the molec-
ular packing of linear and hyperbranched molecules.
Table 3 Thermal properties of linear and hyperbranched PVS
materials
Polymer Composition Td5% [
C]
Residual mass at
800 C in N2 (%) Tg
b [C]
hb-P1 A2 + B3 (1 : 1) 349 32 75
hb-P2 A2 + B3 (1 : 1) 356 44 82
hb-P3 A2 + B3 (1 : 1) 351 21 68
hb-P4 A2 + B3 (5 : 4) 340 26 72
hb-P5 A2 + B3 (3 : 2) 327 22 68
hb-P6 A2 + B3 (3 : 2) 324 25 66
hb-P7 A2 + B3 (3 : 2) 327 12 67
hb-P8 A2 + B3 (2 : 1) 312 17 43
hb-P9a A02 + B3 (1 : 1) 420 68 149
hb-P10a A02 + B3 (3 : 2) 401 60 190
lin-P1 A2 + B2 314 15 32
lin-P2 A2 + B2 322 18 23
lin-P3 A2 + B2 320 13 31
lin-P4a A02 + B2 374 52 102
a A02 ¼ benzene-1,4-dithiol.
b Determined by DSC.
Fig. 6 Refractive index vs. wavelength for linear and hb polymer
samples.
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In addition to the refractive index, the Abbe number (n) is
also an important characteristic of optical materials. The Abbe
number is a measure of the optical dispersion, or how strongly
the refractive index varies with wavelength; a small Abbe
number indicates a large optical dispersion and vice versa. The
Abbe number can be calculated according to eqn (1) where nD,
nF and nC are the RI values at the corresponding Fraunhofer D, F
and C lines.
n ¼
nD  1
nF  nC
(1)
The general trend for polymers is that materials with higher
RI values tend to have smaller Abbe numbers; polymers with a
refractive index of 1.70 or higher typically have Abbe numbers of
20 or less. In contrast, polymers with amoderate RI tend to have
larger Abbe numbers in the range of 30–50. PMMA, for example,
has a RI of nD ¼ 1.49 and an Abbe number of n ¼ 55.
35 The
hyperbranched PVS materials reported herein have signicantly
higher Abbe numbers than their linear counterparts in addition
to larger RI; n ranges from 11.0 to 14.3 for the hb-PVS, while the
linear PVS materials display n values ranging from 5.2 to 8.1.
This diﬀerence in n can be attributed to their hyperbranched
architecture and suggests that incorporating hyperbranching
may be a route to obtaining simultaneously higher RI and
higher Abbe numbers for future generations of high-refractive
index polymers. An alternative Abbe number (n0) was proposed
by Yang et al. and later slightly modied by Jim et al. for the
evaluation of optical dispersion in the IR wavelength region.36,37
It can be calculated by eqn (2) where n1064, n1319 and n1550 are
the RI values at 1064, 1319 and 1550 nm wavelengths, respec-
tively. Furthermore, the optical dispersions D and D0 can be
obtained by eqn (3) and (4) by forming the reciprocals of the
Abbe numbers.
n
0
¼
n1319  1
n1064  n1550
(2)
D ¼
1
n
(3)
D
0
¼
1
n0
(4)
The IR-region Abbe numbers of these materials are again
high with n0 ¼ 290 for the hyperbranched aliphatic–aromatic
materials and n0 ¼ 218 for the hyperbranched purely aromatic
structures. These values are signicantly higher than values
reported by Liu et al. and Jim et al. for PVS polymers synthesized
by other methods.10,11 The optical dispersions D and D0 are as
low as 0.07 and 0.0035, respectively, for the hyperbranched
aliphatic–aromatic samples. Signicantly, the materials repor-
ted herein have high refractive indices, moderate Abbe numbers
and negligible absorption in the visible range, making them
ideally suited for advanced optical applications. Moreover, the
hyperbranched architecture is advantageous and provides
better performance in terms of improved light reection over a
broad wavelength range and appreciably lower chromatic
dispersion compared to the linear structure. The use of thiol–
yne coupling chemistry combined with a hyperbranched
architecture reported herein constitutes a new platform for
developing high-refractive index materials. The resulting PVS
materials could be highly impactful in applications requiring
high refractive index layers and facile solution processing, such
as in antireective coatings,1 displays,38 optical waveguides,3,39
organic lasers4,40 and light emitting diodes (LEDs).5,41
Conclusion
We have developed a new framework for preparing high-
refractive index materials utilizing facile and inexpensive thiol–
yne coupling chemistry and incorporating hyperbranched
architectures. This strategy allows a variety of linear and
hyperbranched polyvinylsuldes (PVS) employing aliphatic (A2)
and aromatic (A02) dithiol and aromatic di- and trialkyne (B2 and
B3) monomers to be prepared. Key to the success of this
approach is the recently demonstrated radical thiol–yne variant
which allows the selective mono-addition of a thiol to an
aromatic alkyne resulting in a vinyl sulde.20 The synthesis
yielded hyperbranched PVS materials with high molecular
weights and in high yields. Materials with diﬀerent end group
functionalities were prepared by adjusting the A2 to B3 mono-
mer feed ratio. Signicantly, all the materials are readily soluble
in common organic solvents, show excellent thermal stability,
form high-quality lms and are transparent in the visible
wavelength range. Most importantly, the high sulfur and
aromatic content of materials prepared using this framework
results in high refractive indices at visible and IR wavelengths
which can be tuned by varying the architecture and monomers
used. These easily processed materials could nd use in
modern photonic/optical applications such as lasers, wave-
guides or light emitting diodes, and application testing is
currently underway.
Table 4 Refractive indices (n), Abbe numbers (n) and chromatic dispersions of PVS polymers
Polymer nF
a nD
a nC
a
n D n1064 n1319 n1550 n
0 D0
hb-P1 1.7447 1.7055 1.6938 13.9 0.0719 1.6751 1.6732 1.6727 280.5 0.0036
hb-P6 1.7350 1.6970 1.6861 14.3 0.0699 1.6681 1.6664 1.6658 289.7 0.0035
lin-P1 1.7470 1.6824 1.6630 8.1 0.1234 1.6321 1.6291 1.6280 153.4 0.0065
hb-P9b 1.7938 1.7422 1.7267 11.0 0.0909 1.7019 1.6995 1.6987 218.6 0.0046
hb-P10b 1.8072 1.7558 1.7404 11.3 0.0885 1.7158 1.7134 1.7125 216.2 0.0046
lin-P4b 1.7900 1.6885 1.6580 5.2 0.1923 1.6094 1.6047 1.6030 94.5 0.0106
a Fraunhofer D, F and C lines corresponding to the wavelengths 589.3, 486.1 and 656.3 nm, respectively. b Fully aromatic material.
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Experimental part
Measurements
NMR spectra were recorded on a Bruker Avance III 500 NMR
spectrometer operating at 500.13 MHz for 1H and 125.75 MHz
for 13C using CD2Cl2 and CDCl3 as solvents. The spectra were
referenced on the solvent signal (d(1H) ¼ 7.26 ppm; d(13C) ¼
77.0 ppm for CDCl3 and d(
1H)¼ 5.31 ppm; d(13C)¼ 53.7 ppm for
CD2Cl2). The signal assignments were determined from the
combination of 1D and 2D NMR spectra. Quantitative 13C NMR
spectra were obtained using inverse gated decoupling, p/2 13C
pulses and a pulse delay of 12 s.
Gel permeation chromatography (GPC) with a Waters Alli-
ance HPLC System, 2695 Separation Module with a column type
MZ-Gel SD plus 100 Ang (300  8.00 mm) and a combination of
a MALS and RI detector (Wyatt DAWN HELEOS-II) with a laser
operating at 663.1 nm and Wyatt Optilab rEX (RI) was used for
determination of absolute MW values. A Waters Alliance HPLC
System with a MIXED-D column (300  7.5 mm) and a Waters
2410 Diﬀerential Refractometer (RI) was used to determine
dispersity indices. Chloroform with 0.25% of TEA was used as
the eluent in both cases and the ow rate was set to 1 ml min1.
DSC Q 1000 and TGA Q 5000 (from TA-Instruments) at a
heating rate of 10 C min1 under a nitrogen atmosphere were
used to determine Tg and Td5%.
UV-Vis spectra were recorded on a Shimadzu UV3600 UV-Nir-
NIR spectrometer.
Thin lm samples were prepared by dissolving the PVS
materials in HPLC-grade toluene (Fisher Scientic) at 4 wt%
concentration, ltering through 0.45 mm PTFE-membrane
syringe lters, and spin-coating onto piranha-cleaned silicon
wafers (Silicon Quest Int'l) at 3000 rpm for 30 seconds. Film
thicknesses were approximately 60 to 80 nm as measured by
ellipsometry (J.A. Woolam Company model M2000DI VASE).
Ellipsometry was also used tomeasure the refractive index of the
material. Ellipsometry measurements were made at three angles
(55, 65 and 75) and over a wavelength range of 400–1700 nm
using a model consisting of a single-layer Cauchy lm on Si.
AFM measurements were performed on a Dimension 3100
Nanoscope IV from Digital Instruments Inc. in tapping mode.
Chemicals
1,3,5-Tribromobenzene, 1,4-diiodobenzene, phenylacetylene,
hexane-1,6-dithiol, and 1,4-benzenedithiol were purchased
from Sigma-Aldrich and used as received. AIBN (Sigma-Aldrich)
was recrystallized from methanol prior to use. 1,3,5-Tri-
s(phenylethynyl)benzene and 1,4-bis(phenylethynyl)benzene
were synthesized as described previously.27
Synthesis of polymers
Synthesis of aromatic–aliphatic hyperbranched poly-
vinylsuldes hb-P1–hb-P8. 1,3,5-Tris(phenylethynyl)benzene
(378 mg, 1 mmol), hexane-1,6-dithiol (151 mg, 1 mmol for
hb-P1–hb-P3; 188 mg, 1.25 mmol for hb-P4; 226 mg, 1.5 mmol
for hb-P5–hb-P7; 301 mg, 2.0 mmol for hb-P8), AIBN (24.6 mg,
0.15 mmol) and dry toluene (3 ml) were mixed together, stirred
and purged with argon for 10 min. The reaction mixture was
heated at 90 C for the indicated time. The polymer was then
precipitated in 300ml of methanol, dissolved in a small amount
of dichloromethane and precipitated again in 300 ml of meth-
anol. The nal polymers were obtained as yellowish powders
aer drying in a vacuum oven overnight at 35 C.
Characteristics of hb-P1–hb-P3. 1HNMR (CD2Cl2): d (ppm)¼
0.8–1.7 (SCH2CH2CH2–), 1.9–2.7 (SCH2), 6.3–8.3 (aromatic and
olenic protons).
13C NMR (CD2Cl2): d (ppm) ¼ 25–31 (SCH2CH2CH2), 31–34
(SCH2), 87.8–91.5 (–C^C–), 122.5–125.0 (Cquart. adjacent to the
ethynyl group), 125–135 (aromatic and olenic CH), 136–143
(aromatic and olenic C).
FT-IR: n (cm1) ¼ 3078 (w), 3053 (w), 3019 (w), 2995 (w), 2925
(m), 2852 (m), 1596 (m), 1578 (m), 1489 (m), 1457 (w), 1443 (m),
1418 (m), 1366 (w), 1347 (w), 1285 (w), 1261 (m), 1222 (w), 1177
(w), 1155 (m), 1100 (w), 1072 (m), 1028 (m), 1000 (w), 964 (w),
937 (w), 913 (w), 883 (w), 863 (w), 753 (s), 729 (w), 689 (s).
Characteristics of hb-P4. 1H NMR (CD2Cl2): d (ppm) ¼ 0.8–
1.7 (SCH2CH2CH2), 1.9–2.7 (SCH2), 6.3–8.3 (aromatic and
olenic protons).
13C NMR (CD2Cl2): d (ppm) ¼ 24.7 (CH2SH), 25–31
(SCH2CH2CH2), 31–34 (SCH2), 34.1 (CH2CH2SH), 87.8–91.0
(–C^C–), 122.5–125.0 (Cquart. adjacent to the ethynyl group),
125–135 (aromatic and olenic CH), 136–143 (aromatic and
olenic Cquart.).
FT-IR: n (cm1)¼ 3645 (w), 3400 (w), 3149 (w), 3052 (m), 3020
(m), 2922 (s), 2850 (s), 2658 (w), 2599 (w), 2516 (w), 2455 (w),
1981 (m), 1949 (m), 1885 (m), 1803 (m), 1755 (m), 1676 (m), 1595
(s), 1578 (s), 1488 (s), 1443 (s), 1417 (s), 1389 (m), 1365 (m), 1347
(m), 1285 (m), 1258 (m), 1223 (m), 1178 (m), 1156 (m), 1108 (w),
1074 (m), 1029 (m), 1000 (m), 967 (w), 937 (m), 909 (m), 860 (m),
752 (s), 690 (s), 633 (w), 620 (w).
Characteristics of hb-P5–hb-P7. 1HNMR (CD2Cl2): d (ppm)¼
0.8–1.7 (SCH2CH2CH2), 1.9–2.7 (SCH2–), 6.3–8.3 (aromatic and
olenic protons).
13C NMR (CD2Cl2): d (ppm) ¼ 24.7 (CH2SH), 25–31
(SCH2CH2CH2–), 31–34 (SCH2), 34.1 (CH2CH2SH), 39.2
(CH2SSCH2), 125–135 (aromatic and olenic CH), 136–143
(aromatic and olenic Cquart.).
FT-IR: n (cm1)¼ 3078 (w), 3052 (m), 3020 (m), 2994 (w), 2926
(m), 2852 (s), 2318 (w), 2228 (w), 2194 (w), 2161 (w), 1941 (m),
1881 (w), 1807 (w), 1675 (w), 1595 (m), 1578 (m), 1488 (m), 1447
(w), 1443 (m), 1418 (m), 1367 (w), 1348 (w), 1287 (m), 1261 (m),
1223 (m), 1178 (m), 1156 (m), 1107 (w), 1074 (m), 1029 (m),
999 (w), 967 (w), 937 (m), 912 (m), 863 (m), 819 (w), 752 (s),
729 (m), 691 (s).
Characteristics of hb-P8. 1H NMR (CD2Cl2): d (ppm) ¼ 0.8–
1.7 (SCH2CH2CH2), 1.9–2.7 (SCH2), 3.7–4.4 (CH(Ph)S), 6.3–8.3
(aromatic and olenic protons).
13C NMR (CD2Cl2): d (ppm) ¼ 24.7 (CH2SH), 25–31
(SCH2CH2CH2), 31–34 (SCH2), 34.1 (CH2CH2SH), 39.1
(CH2SSCH2), 54.0–57.5 (CH(Ph)S), 125–135 (aromatic and
olenic CH), 136–143 (aromatic and olenic Cquart.).
FT-IR: n (cm1)¼ 3339 (w), 3052 (m), 3020 (m), 2923 (s), 2850
(s), 2658 (w), 1945 (w), 1880 (w), 1801 (w), 1741 (w), 1679 (w),
1579 (m), 1488 (m), 1443 (m), 1417 (m), 1365 (w), 1346 (w), 1286
This journal is © The Royal Society of Chemistry 2014 Polym. Chem., 2014, 5, 2911–2921 | 2919
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(w), 1260 (m), 1222 (m), 1177 (m), 1155 (m), 1075 (m), 1029 (m),
1000 (w), 967 (w), 937 (m), 910 (m), 859 (m), 751 (s), 728 (m),
692 (s).
Synthesis of fully aromatic hyperbranched polyvinylsuldes
hb-P9 and hb-P10. 1,3,5-Tris(phenylethynyl)benzene (378 mg, 1
mmol), 1,4-benzenedithiol (142 mg, 1 mmol for hb-P9; 213 mg,
1.5 mmol for hb-P10), AIBN (24.6 mg, 0.15 mmol) and dry
toluene (6 ml) were mixed together, stirred and purged with
argon for 10 min. The reaction mixture was heated at 90 C for 2
hours. The polymer was then precipitated in 300 ml of meth-
anol, dissolved in a small amount of dichloromethane and
reprecipitated in 300 ml of methanol. The nal polymer was
obtained as a yellowish powder aer drying in a vacuum oven
overnight at 35 C.
Characteristics of hb-P9. 1H NMR (CDCl3): d (ppm) ¼ 6.85–
7.75 (aromatic and olenic protons).
13C NMR (CDCl3): d (ppm)¼ 87.6–90.6 (–C^C–), 122.5–124.1
(Cquart. adjacent to the ethynyl group), 127.3–138.0 (aromatic
and olenic CH and Cquart.).
FT-IR: n (cm1)¼ 3098 (w), 3078 (w), 3056 (m), 3022 (w), 2997
(w), 2167 (w), 2050 (w), 2012 (w), 1997 (w), 1980 (w), 1963 (w),
1947 (w), 1894 (w), 1881 (w), 1798 (w), 1752 (w), 1677 (w), 1598
(m), 1579 (m), 1490 (m), 1474 (m), 1444 (m), 1421 (m), 1388 (m),
1330 (w), 1308 (w), 1280 (w), 1259 (w), 1218 (w), 1180 (m), 1157
(m), 1099 (m), 1073 (m), 1028 (m), 1012 (m), 1001 (w), 984 (w),
963 (w), 914 (m), 880 (m), 864 (m), 841 (w), 812 (m), 753 (s), 727
(w), 689 (s).
Characteristics of hb-P10. 1H NMR (CDCl3): d (ppm) ¼ 6.3–
8.1 (aromatic and olenic protons).
13C NMR (CDCl3): d (ppm) ¼ 127.3–138.0 (aromatic and
olenic CH and Cquart.).
FT-IR: n (cm1)¼ 3078 (w), 3056 (m), 3022 (w), 2997 (w), 2167
(w), 2050 (w), 2012 (w), 1997 (w), 1980 (w), 1963 (w), 1947 (w),
1894 (w), 1881 (w), 1798 (w), 1752 (w), 1677 (w), 1598 (m), 1579
(m), 1490 (m), 1474 (m), 1444 (m), 1421 (m), 1388 (m), 1330 (w),
1308 (w), 1280 (w), 1259 (w), 1218 (w), 1180 (m), 1157 (m), 1099
(m), 1073 (m), 1028 (m), 1012 (m), 1001 (w), 984 (w), 963 (w), 933
(m), 914 (m), 866 (m), 843 (w), 812 (m), 753 (s), 727 (w), 689 (s).
Synthesis of linear polyvinylsuldes lin-P1, lin-P2 and lin-P3.
1,4-Bis(phenylethynyl)benzene (278 mg, 1 mmol), hexanedithiol
(151 mg, 1 mmol), AIBN (16.4 mg, 0.1 mmol) and dry toluene
(4 ml) were mixed together, stirred and purged with argon for
10 min. The reaction mixture was heated at 90 C for the indi-
cated time. The polymer was then precipitated in 300 ml of
methanol, dissolved in a small amount of dichloromethane and
reprecipitated in 300 ml of methanol. The nal polymers were
obtained as yellowish powders aer drying in a vacuum oven
overnight at 35 C.
1H NMR (CD2Cl2): d (ppm) ¼ 0.8–1.7 (SCH2CH2CH2), 2.2–2.7
(SCH2), 6.5–7.9 (aromatic and olenic protons).
13C NMR (CD2Cl2): d (ppm) ¼ 24.7 (CH2SH), 27.5–30.5
(SCH2CH2CH2), 32.1 and 33.0 (SCH2; E and Z), 34.1
(CH2CH2SH), 39.1 (CH2SSCH2), 89.1–90.8 (–C^C–), 121–124
(Cquart. adjacent to the ethynyl group), 125–133 (aromatic and
olenic CH), 135.5–142.0 (aromatic and olenic Cquart.).
FT-IR: n (cm1)¼ 3074 (w), 3055 (w), 3019 (w), 2997 (w), 2924
(m), 2852 (m), 2162 (w), 2050 (w), 1979 (w), 1980 (w), 1950 (w),
1677 (m), 1593 (m), 1572 (w), 1547 (w), 1500 (m), 1488 (m), 1457
(w), 1443 (m), 1414 (m), 1366 (w), 1347 (w), 1307 (w), 1285
(w), 1264 (m), 1226 (w), 1214 (w), 1191 (w), 1176 (m), 1156 (w),
1110 (m), 1073 (m), 1028 (m), 1018 (w), 1000 (w), 955 (w),
935 (m), 911 (m), 871 (m), 842 (m), 816 (m), 753 (s), 733 (m),
719 (m), 693 (s).
Synthesis of linear polyvinyl sulde lin-P4. 1,4-Bis(phenyle-
thynyl)benzene (278 mg, 1 mmol), 1,4-benzenedithiol (142 mg,
1 mmol), AIBN (16.4 mg, 0.1 mmol) and dry toluene (2 ml) were
mixed together, stirred and purged with argon for 10 min. The
reaction mixture was heated at 90 C for 2 hours. The polymer
was then precipitated in 300 ml of methanol, dissolved in a
small amount of dichloromethane and reprecipitated in 300 ml
of methanol. The nal polymer was obtained as a yellowish
powder aer drying in a vacuum oven overnight at 35 C.
1H NMR (CDCl3): d (ppm) ¼ 3.25–3.48 (–SH), 6.34–7.83
(aromatic and olenic protons).
13C NMR (CDCl3): d (ppm) ¼ 120.8–140.9 (aromatic and
olenic CH and Cquart.).
FT-IR: n (cm1)¼ 3077 (w), 3054 (m), 3021 (w), 2995 (w), 2167
(w), 2050 (w), 2012 (w), 1997 (w), 1980 (w), 1963 (w), 1947 (w),
1894 (w), 1881 (w), 1798 (w), 1752 (w), 1677 (w), 1598 (m), 1579
(m), 1545 (w), 1505 (m), 1489 (m), 1474 (m), 1444 (m), 1406 (m),
1388 (m), 1330 (w), 1309 (w), 1263 (w), 1233 (w), 1179 (m), 1157
(m), 1099 (m), 1075 (m), 1028 (m), 1012 (m), 1000 (w), 984 (w),
964 (w), 934 (m), 912 (m), 878 (m), 838 (w), 812 (m), 754 (s), 718
(w), 692 (s).
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